


Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1956 


The measurement of the static switching 
properties of junction transistors. 


Hamlin, David R. 


Monterey, California: U.S. Naval Postgraduate School 


http://ndl.handle.net/10945/14417 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 


/ (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist : Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NY KNOX appointed — and published -- scholarly author. 

; | LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 






J 
~ ‘ 
* 
: ; 
- 
; ’ 
‘ 
’ 
i 
‘ 
‘ 
‘ - 
; aaa 
; 
’ ’ 
- 
OTE 
a 


ok wd 
ie RSS 
pot 








= a) i 
feb ae ite. t 
Cy =-* _— hy a’ - * 
‘ a 7 =) ' tans eer Di tS 
. J tie) ARM, y ’ as ie 6 a5 itr tir 
' AR a _ " we A : . i! : Whats AY a v = A — - . -s 
: , yy — |) ; ~ Sere Gi ; A : 7 — 
( ‘ : .Y Ae * ’ ~ - 
’ ’ i ; a eat oa i ry 7 ~ : hes - - : 7 
; ' ‘ - a 7 - 1 ite . * Wy ‘ wi " 1, - Vis re " Z “ - 
j , = - hore - : : si aie ae mh i iy 
; ' : . ot t , ‘ ; : ‘ ' — 
y : , , ; ; ay : : : ‘ r] : , 3 t ; ’ a 4 : i a ‘s P re 4 as ’ i at 4 ; 
; . iy ’ : ma ec) Oe a ris ui gl ; a : yit - 
o ; ° ° « | ik a > x — ~ = a ; = it a | . 
THE MEASUREMENT OF THE STATIC = 2=————s™ 
i ae ‘= 3 \ ik oe i - 2) Xx fee tet u . - i 
- ¥ i ' . “ Al “GI 4 ’ ’, 1 a i ie. ae vv aa | . ~ i ” : . 
’ . ** “. uh ai, fy - ‘ . it ne Te - me ey ‘ ' a ‘ at - , : 
; ‘ 'y - ' _—7 - ' + ’ le : he ~ 
- : s* wr z ¢ ¢ 3 4 veh 7 
“0 Pal a7 j 7 7 | ti , \ ' “ : 
SWITCHING PROPERTIES OF JUNTION TRANSISTORS 
. Se ry t - EP coe oe te ieee ee ae. 
+ ' , 5 all 
4 
itt li 
David R. Hamlin 
i : ' ' : 
A ' i 
i 7 ;/ Ls . iii ; y ’ 
: 4 1 ' ' - 
A : , ; - —_ ' i 
A eve hu » ’ - : 14 ; > ve ' a 5 
¥ : + ; . ot bn * Uy ; - a on 1 aay ~* 
Ja) / : i ei 1. ~ v - 
: . - = am. efi ~ oF 
' : ‘ iy ati rm .'t vo Lion = . 
, . ; ' - ‘ i val ‘ 7 
iy VP ee ys le 1 : 
' | : Lies : a 4 se eere ‘ i L = 
ay Ng ot : if ' wie T! eee ; ; - 1 ) = «4, ’ 
i : At LYs) ' i i ; ie A : e \ rAK,.., 1 ft n : 7 : 
, i i- i -; e Tak’ yi A — ‘= - i 
' d ' ' a} cal . , iF ?. ‘ 4 s ew ™ ear % = » a» a 
; WET UR a MMM rH CCC Ny MoU CAMs thee (GED WFAN 8G Tote yim ey ye 
TAD RTA RA RRCR RELL LURE AE Ma RM MN rey gtk fact eh wit === 
‘ Las “i ; ow I “ Pal , Le - ; ae, uf ree = Oe ie El ¥ wt =e p= “ 
nie Maneiinn imme anc Ch Siete Seog mt 
d eee 14 ae 48 Wat : . i 7," oe ‘ i rt tT Ne ! vr Le 0 AV =Ge TD 7 Nee oo an =_ 
U th Wee oe Tah ’ F, a yn au ‘I en ie i ’ ae na! oa ng Ta OS te ha, Ty n oe ' 
; Li Naan tre th NT aS BO OVE ans ot ened At = “i 
he ey a, ipet CF AAS Ge OR Oe a ae ny © a Viet - + 
Wy Orrell y etait “y iy rye Oe} oar Ae at . oi A : Me Te Set fi ie! hoa ta PEt carey ye ict ~e iz 
kite a WW wel “a Vet “- 5 53 i ‘7 il yp ee ee ee ie Yarn Papi vtly j re] wits ’ wy Ur 5 8 = BS hat ant eth Aa 


Library 


U. S. Naval Postgraduate School 
Monterey, California 























THE MEASUREMENT OF THE STATIC 


SWITCHING PROPERTIES OF JUNCTION TRANSISTORS 


* OK Ok Ok KK * 


David R. Hamlin 














THE MEASUREMENT OF THE STATIC 


SWITCHING PROPERTIES OF JUNCTION TRANSISTORS 


ee * Ok KK 


David R. Hamlin 








THE MBASUREMSNT OF THE STATIC 


SWITCHING PROPERTI"S OF JUNCTION TRANSISTORS 


by 
David R. Hamlin 


Lieutenant, United States Navy 


Submitted in partial fulfillment 
of the requirements 
for the degree of 
MASTER OF SCTENCE 
IN 
ENGINEERING ELECTRONICS 


United States Naval Postgraduate School 
Monterey, California 


173756 








This work is accepted as fulfilling 


the thesis requirements for the degree of 


MASTER OF SCIENCE 
IN 


ENGINEERING ELECTROWICS 








a PREFACE 


The transistor, first developed by J. Bardeen and V. H. Brattain of 
Bell Telephone Laboratories in 1948, grew out of a sories of deliberate 
invostigations of semiconductor properties. Interest in semiconductors 
is recorded as early as 1833 when Faraday found that the electrical 
resistanoe of silver sulfide decreased with increasing temperature while 
the resistance of metals inoreased with temperature. Observation of the 
photoelectrio effeot by Becquerel followed in 1839 and in 1874 it was 
found by F. Braun and A. Schuster that the electrical resistance of 
oontacts between certain materials did not appear to obey Ohm's law but, 
instead were non-linear fimctions of the polarity and magnitude of the 
applied voltage. Progress in semiconductor research was for many years 
very slow; in fact, it was not until the early 1940's after the pressure 
of war had been released that the exploitation of the semioonduotor field 
was begun in earnest. Silicon and germanium diodes had been developed 
during the war in answer to the need for detectors at radar frequencies 
but their mechanism of rectification was poorly understood. Accordingly, 
a group of scientists at Bell Telephone Laboratories was organized for 
the purpose of developing the theory of conduction in semiconductors. 
It was with this group in 1948, during an investigation of semiconductor 
surface states, that J. Bardeen and W. H. Brattain developed the point- 
contact transistor. This development was heralded as a milestone in 
semiconductor research. ‘oon thereafter, a short step was made from the 


point-contact transistor to the junction transistor. (10) 


ii 








Literature describing the development and uses of junction trans-~ 
istors has multiplied in recent years. Among many uses, intorest has 
fallen in particular, on the use of a jumction transistor as a switch. 
This paper treats of this use of a junotion transistor and, more 
particularly, the measurement of the static characteristic of a 
transistor when so used. Chapter I explains, qualitatively, what hap- 
pens within a transistor when it is used as a switch; then, equations 
are developed to show the switching action in quantitative terms. 

Chapter II considers various aspects of practical switches and then 
discusses the advantages and limitations of junction transistors in 
switching applications. Chapter III follows with a development of the 
circuitry for a quick check device to measure the static switching 
parameters of a transistor. Chapter IV concludes the paper by comparing 
actual measurements with the corresponding theoretical predictions based | 
on equations in Chapter I. 

Most of the material and data for this paper wore gathered at Hughes 
Airoraft Company in Culver City, California. Grateful acknowledgement is 
made, in particular, to Mr. W. S. Shookenoy and to the many others at 
Hughes who provided assistance and encouragement during the course of my 
work there, Thanks is due also to Professors R. L. Miller, M. Le Cotton 
and Je J. Downing of the U. S. Naval Postgraduate School, Monterey, 


California, for their valuable suggestions and recommendations. 


piel 








Item 


Chapter I 
Chapter II 
Chapter III 


Chapter IV 
Bibliography 


Appendix I 


Appendix II 


Appendix III 


Appendix IV 


Appendix V 


? 
Appendix VI 


TABLE OF CONTENTS 


Title 


A Discussion of the Large Signal 
Operation of Junction Transistors ace heweetaues 


A Discussion of Switches and an Evaluation 
of the Junction Transistor Switch Peo Ww A eS 


A Device for Measuring the Static 
Switching Properties of Junction Transistors . 


Measurements and Conclusions .« « « « « « « « « 


e ° e e e e ® ° ° ° e ° ° ® ® e ° e e ® ° a e ° 


Derivation and Solution of the Diffusion 
BQUAt 1 Oss eee miens =f sh sl e| (othe (e0 wite ce. 6 6 «ne 


Derivation of the Coefficients a,,, B40 
@o, and aso in Terms of Small Signal 
PE A AOUC GAs) <<! |e cstemee™ fe 6) 64-0 6 6 “6-6 vs sae 


Derivation of the Equations for V,, and 
Veq in Terms of Small Signal Parameters ... .« 


Derivation of the Equation for Dynamic 
Collector Resistance, rgg in Terms of 
Small Signal Parameters oeeee ef © © © 8 @ 


Derivation of an Equation for Normal D-C 
Current Gain %, ©eeweee «© © © © © © © © 


Details of Calculations Made in 
Determining Curves V and VI of Fig. (16) ... 


iv: 


a 


ge 


26 


45 


64 


66 


78 


81 


86 


87 


88 








Figure 


l. 


Ze 
5 
4. 


5e 
66 


. 
Be 

Ye 

10. 
ll. 
12. 
13. 
14. 


15. 
16. 


ATs 


18. 


19, 


LIST OF ILLUSTRATIONS 


Variations of 4 and «xm with Respect to 
Collector Voltage 


The Grounded Emitter Circuit 
A Transistorized Chopper Circuit 
An Efficient FulleYave Rectifier 


Examples of Logio Circuits Using Junction 
Transistors 


Possible Arrangements of Voltmeter and Ammeter for 
Measuring Collector Current and Collector Voltage 


A DeC Amplifier Possessing Low Input Resistance 
Amplifier Power Supply 

The Sweep Chassis 

Proposed Sweep Gensrator Circuit 

The Simplified Bias Chassis Cirouit 

Proposed Bias Chassis Circuit 

The "Off" State Measuring Cirouit 

The "On" State Measuring Circuit 


"Off" State Collector Characteristio Plot for an 
Inverted Type 2N94A Alloyed Junction Transistor 


"On" State Collector Characteristic Plot for an 
Inverted Type 2N94A Alloyed Jumction Transistor 


Circuit Which Yas Used to MeasureX%, and. 


Data and Computations for DeC Short Cirouit 
Gain,&% yp ande<y of a 2N94A Transistor 


DeC Short Cirouit Current Gain for a Type 2N94A 
Alloyed Junction Transistor 


Ve 


Page 


15 
18 
20 


21 


235 


Ai 
29 
52 
34 
55 
36 
37 
39 


42 


46 


48 


50 


51 


52 








Figure Page 


20. Tabular Solutions of Equation (1-13) 54 
2l. A Circuit Showing the Current Saturated Enitter 

and Collector Resistances 55 
226 Normal "On" State Collector Characteristic Plot 

for a Type 2N123 Transistor at Low Base Current 57 
23. Norral "On" State Collector Characteristio 

Plot for a Type 2N123 Transistor at High Base 

Current 58 
24. Inverted "On" State Collector Characteristic 

Plot for a Type 2N123 Transistor at Various Base 

Currents 59 
256 D=-C Short Cirouit Current Gain for a Type 2N123 

Junction Transistor 60 
266 Tabular Solutions of Equation (1-12) 61 


vi. 








&11° 9122) 


B21» 222 ) 


&=C 


a=-6 


TABLE OF SYMBOLS AND ABBREVIATIONS 


Coefficients of the terms in equations (1-3) and (1-4). 
These coefficients are determined by the geometry of the 
transistor and the electrical properties of the semi~ 
conducting material used in the transistor. 

Either "alternating current” or “alternating.” 


Either "direct current” or "direct." 


The diffusion constant for electrons in the emitter of a 
pe-n=p transistor. 


The diffusion constant for eleotrons in the collector of 
a pen=p transistor. 


The diffusion constant for holes in the base of a pen=p 
transistore 


The natural logarithm base. 

Output voltage. 

Current. 

Base ourrents; positive sense into the transistor. 
Collector current; positive sense into the transistor. 


The component of collector current oontributed by electron. 
flow. 


The component of collector ourrent contributed by hole flow. 


The collector junction voltage saturation current which 
flows when Te w» Oc 


Emitter ourrent; positive sense into the transistor. 


The component of emitter ourrent contributed by electron 
flow. 


The component of emitter ourrent contributed by hole flow. 


The emitter jumction voltage saturation current which 
flows when I, = O- 


That part of the current flow in the x-direotion at any 
point, x, in the base due to the movement of holes, 


The ourrent flowing through resistor Rr. 


vil 








fo 


Pn 


P(x) 


Py (x) 


The reverse saturation current across a p-n junotion due 
to the flow of minority oarriers. 


NET 


Boltzmann's constant = 1.38 x 1072" 


Joules/°K molecule. 


The diffusion length for electrons in the emitter of a 
pen-p transistor; the distance from the base into the 
emitter at which electron concentration has decreased by 
a factor l/e. 


The diffusion length for electrons in the colleotor of a 
p=n-p transistor; the distanoe at whioh electron 
concentration has decreased by a factor of 1/e. 


The diffusion length for holes in the base of a pen-p 
transistor; the distanoe from the emitter into thse base 
at ve the hole concentration has decreased by a factor 
of l/e, 


The ratio of the actual I, to the I, whioh would flow if 
ionization were not present at the collector junoticn. 


Electron concentration. 


The thermal equilibrium concentration of electrons in 
p-type semiconducting material. 


Hole conoentration. 


The thermal equilibrium concentration of holes in n-type 
semiconducting material. 


The static component of hole conoentration at any point, 
x, in the base of the penep transistor discussed in 
Appendix I. 


The time varying component of hole conoentration at any 
point, x, in the base of the pen-p transistor discussed 
in Appendix I. 


An adjective used to describe the junction between a 
p-type semiconductor and a n-type semiconductor. 


-19 coulombs. 


The eleotricel oharge of an electron = 1.6 x 10 
As used in Appendix I it is the total charge in a volume 
of the transistor base of unit cross-section and length, 
W, where the unit cross-section is taken in a plans 
parallel to the base surface and the length, ¥, the base 
thickness, is taken along the x-direction. 


Vis 








Ri» Ro, etc, 


iy, To, ete. 


Vis Vo, oto. 


Tne low frequency dynamnio collector resistance, 
snalocous to plate resistance in a vacuum tube. 


The d-c collector resist nce, analogous to the beam 
resistanoe of a vacuum tube. 


The series resistance of the colleotor region exoluding 
the collector junction. 


The low frequency dynamic enitter resistanoe of a 
transistor operated in its inverted configuration. It 


is analogous to rge of a transistor operated in its 
normal configuration. 


The dec emitter resistance of a transistor operated in 
its inverted configuration. It is analogous to Ry 
of a transistor operated in its nornal configuration. 


The series resistance of the emitter region excluding 
the emitter junction. 


The feedback resistor shown in figure (7). 

The input resistor shown in figure (7). 

The base current ladder resistors shown in figure (11). 
Time. 

Temperature in degrees Kelvin. 

Transistors, as shown in figures (3) and (5). 


The base voltaze of a transistor measured with respect 
to its emitter. 


The collector voltaze of a transistor measured with 
respect to its base. 


The collector voltace of a transistor measured with : 
respect to its emitter. 


The emitter voltaze of a transistor measured with 
respect to its base. 


The emitter voltarce of a transistor measured with 
respeot to its collector. ; 


Vaouum tubes such as are shown in figure (7). 








W 


normal 


L. 
Le 
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CHAPTER I 


A DISCUSSION OF THE LARGE SIGNAL OPERATION OF JUNCTION TRANSISTORS 


The aim of this chapter is to explain briefly am in qualitative 
terms what happens within a transistor when it is used as a switch. 

The equations which govern the transistor switching action will then be 
presented and some of the limitations inherent in these equations will 

be discussed, Attention will be confined to just the d-c or static 
behavior of the transistor. The a-o effects, although of great import- 
ance in the operation of a transistor as a switch, will not be considered 
in this paper. 

In presenting a picture of the operation of a junction transistor, 
it is first desirable to describe the p-n junction itself, A pen 
junotion is a boundary between two slishtly different types of semi- 
conducting materials. On the ntype side of the jumotion the mobile 
charge carriers are mostly electrons drifting within a fixed structure 
of bound charges. These bound charges are carried on penta-valent 
impurity atoms which are imperfeotions in a crystal lattice consisting 
of tetra-valent semiconductor atoms. In the n-type orystal, these 
mobile electrons are called the "majority carriers." A few positive 
carriers are also present in the nematerial and these are called the 
"minority carriers." On the p-type side of the junction the mobile 
charge carriers are mostly positive "holes" drifting within a fixed 
structure of bound charges. These bound charges are held on tri-valent 
impurity atoms which are imperfections in a crystal lattice of tetra- 


valent semiconduotor atoms. In tho p-material the hole is the "majority 








oarrier" and the eleotron, the "minority oarrier.” The "hole" does not 
really exist as a disorete partiole; it is just a convenient abstraction 
used to explain the net behavior of electrons in a semiconducting crystal 
lattice omtaining imperfections which produce an eleotron deficiemy. 
An adequate description of the hole is very involved but a hole behaves 
as if it were a positive electron with the same mass as an ordinary 
electron but with slightly less mobility than an electron (13). 

In the region near a pen junction, electrons in the nematerial are 
repelled fron the junotion by the bound negative sharge on the peside of 
the junction. Similarly, holes in the pematerial are repelled fran the 
junction by the bound positive charge on the neside of the junction. 
There is thus created a potential hill due to the bound charge at the 
junction which tends to oppose the migration of majority oarriers across 
the junction. (Note that once a majority oarrier crosses a pen junction 
it becomes by definition a minority carrier.) A voltage, Y» external to 
the p=-n junction will now be defined as a voltage applied to the 
pematerial measured with respect to the nematerial. Then ( is applied 
to a pen junotion and is made more positive than a few tenths of a volt, 
the potential hill at the junction is overcome and copious flow of 
majority carriers results. This condition will be referred to as "current 
saturation.” Then is made a few tenths of a volt negative, the 
junction current becomes quite small and is due to the flow of minority 
oarriers across the junction. ‘Since these minority oarriers are rela- 
tively few and their rate of generation is substantially independent of 
the junction voltage, this current remains fairly oonstant even when (p 
is made several volts negative. This condition will be called "voltage 


2 








saturation.” This non-ohmic behavior of a pen junction is described 


fairly well by the equation, (8), 


{\ 


ZL 
Lae e aisle | (1-1) 


where, I = the junction current. 


I,= the reverse saturation current across the junction 
due to the flow of minority carriers, 


-19 


q = electronic charge = 1.6 x 10 coulombs. 


Y = voltage of the p-material with respect to the n-material. 


25 


k = Boltzmann's constant = 1.38 x 10 Joule s/K molecule. 


T 


temperature in degrees Kelvin. 


A junction transistor may be thought of as two pen junctions placed 
parallel to each other, and separated by just a very thin layer of semi- 
conducting material called the “base.” ‘when the transistor is used as an 
amplifier, one of these junctios is forward-biased so that current flows 
aoross it easily; this junction is oalled the "emitter junction." It is 
usually designed to operate so that most of the junction current consists 
of carriors flowing into the base. The other junction is called the 
"sollector junction." It is reverse-biased so that in the absence of the 
emitter jumction, just the voltage saturation current would flow across 
it. The emitter, however, injects a large number of minority carriers 
into the base layer. These oarriers do not immediately recombine with 
the majority carriers already in the base, but instead they diffuse across 
the base layer to the collector junction where most of them are swept by 
the reverse bias potential across that junction into the collector region, 
thus inoreasing the collector current Ig considerably above its normal 


voltage saturation value, I If it is assumed that there is no voltage 


co? 
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drop within the transistor, except across the junctions, minority carriers 
which have been injeoted by the emitter into the base will proceed across 
the base only by means of diffusion. If 4 » the voltage of the peside 

of the collector junction measured with respeot to the neside, is more 
negative than a few tenths of a volt, the current across the collector 
junction, Ig, will be almost independent of it. Iq will be determined, 
instead, by the geometry of the transistor, the parameters of the dif- 
fusion process in the base layer and the rate at which minority oarriers 


are emitted into the base layer. Ig can be controlled because the rate 


at which minority carriers are emitted into the base can be varied at 
will. 

The discussion up to this point has presented a brief qualitative 
picture of how a transistor operates. There is no reason why the actions 
which have been described so far cannot be put into analytical form and, 
in fact, this has already been dons by Ebers and Moll (5). The following 
development of the equations which describe the transistor switch will 
very closely parallel the development contained in the Ebers and Moll 
paper (5) and in Chapter Bight of TRANSISTOR ELECTRONICS (7). 

For a transistor to be used as a switoh, it is necessary that it be 
driven between certain conditions of saturation. The condition for the 
"on" state is that the emitter junction be forward biased so heavily that 
a small change in base current, Ip, will have very little effect on 
collector current, I,, or in other words, that the transistor be current 
saturated. The condition for the "off" state is that both junctions be 
reverse biased so that a small change in the voltage fron base to emitter, 


Vpe» will have very little effect on I, or simply that the transistor be 


4 








volta-e saturated. These two conditions of drive are the extremes betwoen 
which an amplifier would operate. The switch, however, is ideally in 
either one or the other of these saturated states all the while, except 
for a brief period of transition between states. Therefore, oe can de- 
fine two regions of saturated operation separated by the usual region for 
operation of an amplifier. Ebers and Moll (5) have defined these regions 
as follows: 

Regio I, the "off" or voltarze saturation region. Its boundaries 
are defined by the conditions that both the emitter and collector 
junctions conduct reverse bias currents. 

Region II, the normal operation region for a transistor amplifier. 
Here, the emitter junction carries forward bias current, while the 
collector junction carries reverse bias current. 

Region III, the "on" or current saturation region. Its boundaries 
are such that the emitter and collector both oarry forward bias current. 

It is to be noted that region II also includes the "inverted 
transistor" condition where the electrode designated "collector" is used 
as emitter and the electrode desipnated "omitter" is used as collector. 
When it is desired to distinguish between these two conditions, the former 
will be referred to as "normal region II" and the latter as “inverted 
region II." In general, the words "normal" and “inverted,” when applied 
toa transistor configuration, or the letters "n" and "i," wien! teed as 
subscripts, will refer to these uses of the emitter and collector 
electrodes. An exception to this rule will be made for the subscript "n" 
which is used for another purpose in Appendix I and in equations (1-2), 


(1-3), (1-4) and (1-18) of this chapter. 








The relationships between the emitter and collector voltaces and 
the emitter and collector currents of a transistor ray be found by, first, 
setting up a geometrical model of the transistor. Then, by considering 
the diffusion of carriers through the homogeneous regions of the transistor 
and, finally, by accounting for the behavior of voltages and carrier flow 
at the junctions; this establishes the boundary conditions for the dif- 
fusion process in the homogensous regions of the transistor. 

The result of this process is a set of equations which describes the 
terminal voltages and currents of the transistor. There is no necessary 
reason to place restriotions on the transistor geometry in carrying out 
this process and, in fact, Ebers and Moll (5) in their paper have shown 
a solution for a very general geometrical arrangement. The details of the 
prooéss are made clearer, however, if the transistor geometry is arranged 
so that variations in only one dimension have to be considered; further- 
more, notation is simplified if the derivation is limited to either a 
p-n-p or an n-pen transistor. Appendix I shows in detail the derivation 
of the diffusion equation, its solution and the application of boundary 
conditions to arrive at the equations describing the terminal voltazes 
and ourrents of @ penep transistor of simplified geometrical arrangement. 

The differential equation which describes the diffusion of holes 


through a slab of homogeneous semiconductor, such as germanium, containing 


an netype impurity is, 
dp 
7.) a, - 
We aye ee (1-2) 


where, 


p = the concentration of holes at any time, t, and at any point, 
x, in the slab. 








t= time. 


ta 
“ut 


distance into the slab measured along the normal to its 
surface. 


Py7 the thermal equilibrium concentration of holes in the 
netype germanium. 


i = the "hole lifetime.” It is the time required for a group 
of holes injected into the slab to be reduced by a factor 
of lfe. (e is the natural log base.) 


D.= the diffusion constant for holes in the slab of n-type 
germanium. It has the dimensions (length)*/ time. 


Let one surface of this slab form the emitter pen junction and let 
the other surface parallel to the first and separated from it by a 
distance W, form the collector p-n junction. Equation (1-2) is then 
solved for the dec case. The hole concentration at each junction (see 
Appendix I, equations Al-14 and Al-15) is applied as the boundary condi- 
tion to this solution to obtain an equation for the hole concentration 
(equation Al-19) at any point within the base, The hole current is found 
from the gradient of the hole concentration equation. Particular 
solutions of this gradient equation (equation Al-21) at the emitter and 
collector junctions give the hole currents at these junctions (equations 
Al-22 and Al-23). The electron currents at these junotions are found by 
analogy from the corresponding hole current equations. (Equations Al-24 
and Al-25), Electron and hole currents at each junction are then added 
to obtain the total current at each junction. When this is done, the 


result is, 


ae Ye 
es eA kT _ /) ie Te (e Gr -1) (1-3) 


and 


(1-4) 








where, 
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Qi2 


= te | cot We a Dai | 
fa a 


Dy, Jon Lm 
= Cz, = fe Pn Zoe Bia 


dD 
Azo = Bem | coth tein | 
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and where, gq = 
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a 
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=) 
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Py 


Pp H,, L’ 
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electronic oharge = 1.6 x 10~°~” coulombs. 


Boltzmann's constant = 1.38 x Wey as Joules/°K molecule. 


= Temperature in degrees Kelvin. 


= voltage of the peside of the emitter measured with 


respect to the n-side. 


= voltage of the p-side of the collector junction 


measured with respect to the neside. 


= Diffusjon constant for holes in the base (n-material), 


Length”/ time. 


Diffusion constant for electrons in the emitter 
(p-material), Length®/ time. 


Diffusion constant for electrons in the collector 
(pematerial), Length®/ time. 


Diffusion length for holes in the bases distance into 
the base at which the hole concentration has 
decreased by a factor of 1/e. 


Diffusion length for electrons in the emitters distance 
from the base into the emitter at which electron 
concentration has decreased by a factor of l/e. 


Diffusion length for electrons in the collector; 
distance from the base into the collector at wich 
slectron concentration has decreased by a factor 
of Ife. 


the therml equilibrium concentration of holes in 
n-type material. 








Dp= the thermal equilibrium concentration of electrons in 
p-type material. 


W = the width of the base layer, 
I,= emitter current measured with positive sense into the 


transistor. 


Ig= collector ourrent measured with positive sense into 
the transistor. 


The form of these coefficients makes them of value in visualizing 
the various factors that contribute to the d-c behavior of a transistor. 
They might possibly be of interest in the design of a transistor, but 
they are not well adapted to predioting the large signal behavior of a 
transistor from known or measurable small signal parameters. Further- 
more, the lack of generality of the model for which they were derived 
also limits their usefulness, 

Ebers and Moll (5) have derived expressions for Aly» 81299 804 and 
@oo of equations (1-3) and (1-4) in terms of small signal parameters. 
Their equations are quite general and may be applied to any n-pen or 


pen-p transistor. These coefficients which are derived in Appendix II 








are: 
Re: 

Ajo = aes at (1-6) 
Pej ieee a (1-7) 

be Wan HAH 
Qa fe (1-8) 

oe [~ Xan Xa 
where, Io the emitter junction voltage saturation current 


whioh flows when collector current, I,= 0. 


Igo" the collector junction voltace saturation current 
which flows when emitter current, I,= 0. 








n = the normal deo current gain of the transistor; the 
fraction of the emitter ourrent that reaches the 
collector, defined by the equation, ~/ ae 

Mi De Weta 

i = the inverted d-o current gain of the transistor; the 
fraction of the collector current that reaches the 
emitter, defined by the equation, x, ¢ 


oe 





€ 

| Veh =0 

Vop® the voltage applied to the collector measured with 
respect to the base region. 


Vep® the voltage applied to the emitter measured with 
respect to the base rogion. 


It was shown in Appendix I that ayp = ao, and this is true in 


general (5); therefore, it follows from squations (1-6) and (1-7) that, 
Cade, = omer (1-9) 


trot 


Equations (1-3) and (1-4) may now be re-written in terms of these "a 


coefficients: 
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These equations show very clearly the d-c behavior of a junction trans- 
istor with respect to its terminal voltages and currents. Equation (1-11), 
for example, shows that Ig is dependent only upon, when , is more than a 
few tenths of a volt negative*. It shows, also, that in region I, I, < Ig, 
and that Dy, L,, and Ig are relatively independent of each other. In 
region IIJ it shows that changes in I, produce little change inQY, and Y,. 
These two equations, then, within the limits of the assumptions upon which 


they were derived, would desoribe very well the behavior of a transistor 


*The quantity kT/q = .026 volts at room temperature, 300°K or 80°F, 


1O 








in a switching application. 
Equations for V,, and Vg, will be found to be useful in Chapter IV 
and will therefore be presented here. These equations follow from (1-10) 


and (1-11) and are derived in Appendix III: 
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where, V..2 collector voltaze measured with respect to the emitter. 
Veo= emitter voltage measured with respsot to the collector. 
Ig = collector current; positive sense is into the collector. 
Ig = emitter current; positive sense is into the emitter. 
Ip = baso current; positive sense is into the base. 

The (+) sign is to be chosen for p-n=p transistors and the (~-) sign, 

for n-pen transistors. Other dec parameters which are of interest in 


the design of switching circuits are, 


~ adhe _ + #AT (- A 


lee = eo -=— + ett 
Ge ax z ——— (1-14) 
ee ee 


Tog is the low frequency dynamic collector resistance, analogous to lp 
for a vaouum tube. Ye, is the inverted case of roe. 


lee ® ales = + £1 | (1415) 
c B Fy +L) Te, “i ,-% £%)—Teo 
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Rog i8 the d-c collector resistance, analogous to the beam resistance of 
a vacuum tube and R,, is the inverted case of Ry, in the following 


equations: 


Ree = Ms a2 9 fee [OE aa 


% ()-0,) (1-16) 


Ree = “eo eht fn) sali % Cera] ae 
e e is 
pee (/-%,) 
Note asain that the (+) sign is to be used for p-n=p transistors and the 
(+) sign, for nep-n transistors. Derivations of equations (1-14) and (1-15) 
may be found in Appendix IV. 

It is interesting to note that the inverted equations in each case so 
far presented may be obtained from the normal equations if one merely 
interohanges the subscripts "o" and "e," and "n” and "i." That this 
should be true is not surprising because there is no difference in the 
nature of the actions occurring at collector and emitter, except as is 
determined by the polarity and magnitude of bias ourrents at these junctions. 

These equations describe large signal behavior of a transistor fairly 
well but the assumptions, as stated in Appendix I, upon whioh their de-~ 
rivation is based limit their range of application. Consideration will be 


given here to same of these limitations. 


Equation (1-11), I. = ies , (er) _ —=2_(e if /) 
§ 


(/-o, no 
predicts that as GY, is made increasingly negative, other variables being 


held oonstant, the change in I, will beoome negligibly small. There is 
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no indioation that this condition will not hold even at extremely large 
negative voltages. Actually, however, as the inverse voltage is increased 
across a pen diode junction, a critioal voltage, the Zener voltage, is 
reached above which the current through the junction inoreases very 
rapidly. The Zener breakdown of a pen junction is analogous to field 
emission in metals, It represents the electric field strength which is 
needed to tear otherwise stable electrons from their valence linkages 
(7). Zener breakdown is usually very sharp and when it has occurred the 
voltage aoross the diode remains constant over a rather wide range of 
current. Ina transistor, other voltaze effects usually become prominent 
before the Zener voltage is reached. One of these is avalanche breakdown, 
which at one time was not distinguished from Zener breakdow, (12), It 
occurs in collector-base junctions when the space-charge region (i.e. the 
region across the junction where an electric field exists and oarrier 
transport is not primarily a result of the diffusion process) is fairly 
wide, When reverse bias on the collector is increased, the space charge 
région widens, extending mostly into the base, since the base region is 
usually mde of higher resistivity than the collector region. The 
carriers are accelerated toward the collector and as collector voltage 
is increased, an increasingly larger number of these carriers have enough 
kinetio energy to rupture the valence linkages between atoms in the 
orystal lattioe. In this way a larger number of electron-hole pairs is 
formed and the current across the junction is increased, Ci2), 

In some transistors, the collector space-charge region can be 
widened until it touches the emitter junction before enough ionization has 


ocourred to cause avalanche, This condition is called "punoh-through." 


13 








When the base has been punched through, there is no effective base region 
left and the situation is as if the emitter had been shorted through to 
the collector. Of course, no transistor action can be obtained in this 
condition (12). 

Associated with this narrowim of the effective base layer, is an 
increase inx,. That this inorease should be expected can be seen from 


the equation for « derived on the basis of diffusion effects.* 


i 


X normal = (1-18) 

The ionization process which, if it is allowed to become prominent, 

leads to avalanche, also contributes to an effective inorease inX&,. 

A multiplication ratio, m, can be defined as the ratio of the actual 
current across the junction to the ourrent which would flow in the 

absenoe of this ionization effect, This factor, m, has a value close to 
unity for low collector voltages and it increases rapidly as the avalanche 
voltage, Va» is approached. Most good junction transistors have normalo'’s 
in the range of values between 0.9 and 1.0; therefore, only a small 
inorease in m is needed to make the product,xm=1. Interesting effects 
occur in the region where m begins to become appreciably larger than 


unity. The formula for base current multiplication factor, Qs 





ie = Jaen (1-19) 
must be modified to, 
B ak Xomm 
— f= XM (1-20) 


*See Appendix V. 
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Variation of 8 andwm with respect to collector voltage 





Figure (1) 
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and when «me l, ie becoms infinite; as om is made larger than unity, 
P becoms negative (12). Figure (1) shows & ,, and (2 plotted against 


collector voltage. A voltage, V has been defined as the voltage at 


ecm? 
which <m # 1,(12). It is possible to operate a transistor in the range 
between Vn and Vg whereX > 1 and@<€ 0. Operation in this region opens 
the possibility of obtaining the characteristics of a point-contact 
transistor in a junction unit, (11). Because operation above V,,, is 
associated with high collector currents, it is accompanied by an increase 
in temperature at the collector junction. An inorease in junction temper- 
ature causes a decrease in the factor, (or ~l)* and, therefore, an 
increase in Ige This cumulative process, which has been termed "collector 
runaway,” oan result in destruction of the transistor, (12). 

None of these effects just described is predicted by the equations 
which have been developed from a consideration of the carrier diffusion 
equation. Whether any of them can be predicted from small signal parae 


meters alone seems very wnlikely. One is led, then, to the need for more 


information than can be obtained from small signal parameters. 


*See equation (1-11). 
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CHAPTER IT 
A DISCUSSION OF SVITCHES AND AN EVALUATION 


OF THE JUNCTION TRANSISTOR SWITCH 


One might specify the properties of an ideal switch as, 

1. An infinite admittance in the "on" state. 

2. An infinite impedance in the "off" state, 

3. An ability to shift instantaneously between "off" and "on" states. 

4, The consumption of as small an amount of controlling power as 
might be desired. 

Suoh a device, of course, does not exist. Practical switches are 
limited in many respects which depend, largely, on the design of the 
switch. These are some of the shortoomings which limit the usefulness 
of practical switches: 

1. A voltage drop exists when a current flows through it. 

2- The amount of current that can be conducted through the switch is 
limited by the power which can be dissipated in the switch. 

3. No practical switch can be shifted instantaneously between "on" 
and "off" states; therefore, the maximum energy which om be dissipated by 
the switch during this transition may be a limitation of the switch. 

4, Transition between "on" and "off" states is frequently accompanied 
by a large amount of noises; moreover, the instants of "make" and "break" 
are often poorly defined. 

5. A switch in its "off" state will conduct when, 

a. Dielectric breakdown ocours. 
be A voltage is applied and a leakage resistence exists across 
the switch. . | 
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The grounded - emitter circuit. 


Figure 2. 
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o. An a-c volta:e is applied, because of inter-olectrode capaci- 
ANCES. 

6. Som switches, thyratrons, for example, cannot be turned off by 
simply reversing the turn-on procedure. 

7. Other switches, diodes, for example, will not conduct a current 
equally well in either dirsction. 

Although this listing is incomplete, it does indicate the general 
nature of the problems one encounters in choosing the right switch for the 
job. j 
It has been found that junction transistors are very good switches. 
They can be made to approach the ideal switch moro closely in many respects 
than any other known device (3). ‘ithin its ourrent, voltage, power and 
temperature limits, a junction transistor switch has useful properties. 

Some of these may be shown with the aid of the grounded-emitter circuit 
me Fie, (2). 

When base current, Ip, is flowing in the direction indicated, the 
transistor is in its "on" state. Vg, is, typically, less than five 
millivolts and the resistance between collector and emitter, roe, is usually 
between one and five ohms. I, may flow eithor from oollestor to emitter or 
from emitter to collector equally well, within certain megnitude limits 
which depend on the value of Ip. 

“hen I, is made to flow in a direction opposite to that shown in 
Fig. (2) so that the magnitude of Vpe is 0.1 volts or greater, the 
transistor is driven to its "off" state. In germanium transistors under 
this condition, Ig is a few microamperes and ree, several megohms. Silicon 
units usually fall in the rsgion where Ig is measured in millimicroamperes 
and roe, in tens and hundreds cf megohms. 


ie, 
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A transistorized chopper circuit. 


Figure 3, 
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An efficient fullewave rectifier 


Figure he 
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A transistor has other useful properties. For example, when it is 
used to replace a mechanical switch, these are some of the advantages 
obtained: 

1. A transistor has no contacts or moving parts to wear out. 

2e There is no problem of arcing, although voltage breakdown 
problems do exist. 

3e Transistor switches may be operated much faster than mechanical 
switches; for example, a transistorized chopper, such as is shown in Fie, (3). 
will operate easily at a rate of ten kilocycoles, a rate at which it is 
nearly impossible for a mechanioal chopper to operate. Transistorized 
choppers do not have appreciable phase shift in the audio range and can be 
driven soul ly well at any of a wide range of chopping frequencies. 
Mechanical choppers, on the other hand, suffer from phase shifts and 
mechanical resonances, and they are usually designed for operation over a 
relatively narrow range of chopping frequencies, (6). 

4. Transistors can bo designed to operate stably under severe 
mechanical shock, while mechanical switches are more difficult to design 
for this kind of service. 

Other useful properties of the transistor can be shown from the 
advantaces which aro obtained when it is used to replace a diode. Fig. (4) 
shows a full-wave transistorized rectifier which, to achieve a higher 
effioiency, replaces a diode rectifier. In this application of the 
transistor, advantage is taken of the high front to back ratio, about 10°, 
which @ transistor can exhibit for voltages dow to about one millivolt (1). 
The transistor possesses other advantages over a diode when it is used as 


& non-regenorative switch in digital computer logic circuits to replace 
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Example of an "and" logic circuit using junetion transistors 





Example of an "or" logic circuit using junction transistors 


Figure 5. 
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somewhat more awkward diode switching circuits. Examples of series 


w 


transistor "and" and "or" cirouits are shown in Fig. (5). A diode logic 
circuit suffers from loading effects when several logio levels are oas- 
caded. This loading limits the number of levels that oan be casoaded to 
from two to about four without intermediate buffering (3). The transistor 
logio circuits overcome this difficulty because a transistor has a ourrent 
gain from its base to its collector. 

Despite their many virtues transistor switches have Eesean 
weaknesses? 

When a transistor is in its "on" state and even when I, is zero and 
no external collector voltase is applied, there is still a small voltage 
of about one to five millivolts between collector and emitter of a typical 
transistor. This voltage is present whenever base current is flowing and 
in some cases it is a considerable inconvenience. For example, in Fig. (3), 
transistors in the pairs T,, To and Tz, T4 must be nearly identioal in 
order to canoel the sienal that this residual voltage would produce at the 
chopper output. 

When the transistor is in its "off" state and collector voltage is 
applied, there is a small leakage current which is a few microamperes for 
germanium transistors and a few millimioroamperes for silicon transistors. 
This leakage ourrent oan be troublesane when switching is attempted in 
high impedance cirouits. 

The collector to emitter capacitance and the transit time of 
minority oarriers across the base region of a transistor will, in some 
cases, be large enough to impair its usefulness in circuits where fast 
switohing action is desired (9). This aspect of transistor switches is 
not disoussed in this paper; it is mentioned only because of the 
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limitations it places on the usefulness of transistor switches. 

The current that a transistor oan switch is limited in at least two 
ways. ‘hen the base is current saturated, the maximum value of I, is 
limited by the heat which it is allowable to dissipate in the transistor. 
The base oan be driven out of current saturation by making Ig too larges 
then the power dissipation inoreases undesirably. Any increase in power 
dissipation is generally unacceptable because it causes an increase in 
temperature, a change in transistor parameters (Equation l-1l shows that 
the transistor is temperature sensitive.) and, eventually, if it is not 
checked, a burn-out of the transistor. 

The maximum collector voltace that a transistor will withstand in 
its "off" state depends on the voltage breakdown mechanisms which have 
been discussed at sane length in Chapter I. When a voltage breakdown 
ocours, oollector current usually increases and the transistor may be lost 
because of overheating at one of its junotions,. 

The preceding few paragraphs have pointed out some of the advantages 
and weaknesses of practical transistor switches. In choosing between a 
Pehisictor and some other device to perform a switohing function, the 
relative merits of the two devices must be considered and to determine 
what may be expected of the transistor, one must either be able to compute 
its behavior from commonly available small signal parameters using, for 
example, the equations developed in Chapter I or he mst be able to 
measure the paraneters of a transistor in the conditions under whioh it is 
to be used. Chapter III chooses the latter alternative. It desoribes a 


device for measuring the static switching properties of the transistor. 
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CHAPTER ITI 
A DEVICE FOR MSASURING THE STATIC SWITCHING PROPERTIES 


OF JUNCTION TRANSISTORS 


It is indicated in Chapter I that analytical methods of determining 
the statio switching properties of a transistor are subject to disad- 
vantages. An alternative to these methods is the actual measurement of 
the desired parameter. The subject of this chapter is the development 
of cirouitry to make these measurenrents. Capabilities which might be 
desired of such cirouitry ares 

1. An easily interpreted dynamic display of information. 

2e Simple and quick measuring procedure. 

3. Sufficient versatility to permit measurement of all commonly 
encountered types of junction transistors. 

Perhaps the simplest and most easily understood display of information 
about a transistor is the static collector characteristic. "When this 
characteristic is extended through regions I, II and III, so as to show 
detailed information at the origin, it displays nearly all the information 
one needs in order to assess the statio switching performance of a 
transistor. Furthermore, in contrast to the meter display, it has the 
advantasze of showing information about a large number of operating points, 
while a meter is usually able to display information about only one 
operating point at a time. 

A plot of the static collector characteristic of a transistor is 
simply a plot of V,, and I, for various known values of I, or Vpge There 
are several possible arrangements of current and voltage measuring devices 
which will accomplish this purpose and these are shown in Fig. (6) where 
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Possible arrangements of voltmeter and ammetcr for neasuring 
collector current and collector voltage. 
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the measuring device is shown merely as an ammeter or a voltmeter. 

In determining which of these oircuits is most desirable, the "off" 
condition of the transistor will be considered first. In this state rog 
is high; it is perhaps as much as ?00 megohms. I, is small; as little as 
10 millimioroamperes and Vj, may be any value up to about 50 volts, de- 
pending on the breakdown voltage of the particular transistor under test. 
Circuits B and C have the disadvantage of requiring that the ourrent 
through the voltmeter be subtracted from the ammeter reading. Because 
the current through the transistor will probably be much less than the 
current through the voltmeter, the circuits B and C are not attraotive. 
Cirouit A requires that the ammeter be isolated from ground. The dynamic 
measuremont of ten millimicroemperes with a device such as an amplifier 
poses serious noise and leakage problems; for this reason, a grounded am- 
meter such as is show in circuit D is attractive. Furthermore, small 
curremt amplifiers of the grounded type have been built to measure ourrents 
in the micromioroampere range, (14). For these reasons cirouit D was 
chosen for the basio amplifier oonfiguration for the “off" oondition. 

The "on" condition is considered next. In this state rg, is very 
low; Fomeere it is less than 10 ohms and Vo, is, typically, less than five 
millivolts. Under these conditions, the voltace drop across an ammeter is 
likely to be of comparable magnitude to the voltage drop across the 
transistor; oirouits A and D are, therefore, eliminated. If the current 
source has high impedance compared to rog, then to a good approximation, 
I, is independent of Vo, and need not be measured directly. For these 
conditions circuit B seems most attractive and, therefore, it was chosen 


for the basio configuration in the "on" condition. 
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There are at least two methods of automatically displaying the 
collector characteristics; one of these is by use of a servo-plotter. 

In this arrangement, the x-axis amplifier of the plottor is fed ae voltage 
proportional to Vgg. Kither Ip or Vpe is then held constant and the 
characteristio is traced by varying either Vg, or I, arbitrarily. Because 
a servo-system, typically, has only a few oycles per second bandwidth, it 
oan be used to plot voltages which would be masked by noise in a wider 
band devios. The servo-plotter, however, is slower than a purely 
electronic device; furthermore, the plotting paper must be continually 
renewed. 

Another method of displaying the collector characteristic uses a 
cathode-ray oscilloscope instead of a servo-plotter. In this oase volt- 
ages proportional to Vo, and Ig may be read direotly from a gridded 
template covering the ocathode-ray tube face. This method of displaying 
the collector characteristic is best suited to a quick oheck device and, 
hence, it was the one chosen. 

It has already been indicated that rathor small values of voltare 
and ourrent must be measured, At the time this problem arose, there was 
no available direct-coupled oscilloscope that possessed enough gain to 
make these measurements; furthermore, the high input impedance of an 
osoilloscope makes it a poor current sink. It is necessary, then, that 
an amplifier precede the oscilloscope. This amplifier must be direct- 
coupled; it must have very low input impedance, high gain, negligible 
drift, low internal noise and moderate bandwidth. An amplifier was 
found at Hushes Aircraft Company which met these requirements very well. 
A schematic of this amplifier is shown in Fiz. (7). Operation of the 


circuit is as follows: 
30 








The sum of currents into node N mst equal zero. The voltage of 
node N is mintained oonstant, for practioal purposes, by a very large 
amount of negative feedback from the amplifier output through Rp. If 
is adjusted to ground potential and no ourrent is supplied to the node 
externally, then IRe must be zero and node N must be at ground potential. 


As soon as an external current, Ig, is fed to node N, an equal current 








must be removed from the node through Rr3 to accomplish this, £, = ae 
f 
= » and so E, is proportional to Ig. 


A high degree of deo stability is aohieved in this amplifier by use 
of chopper stabilization. The means by which stabilization is obtained is 
as follows: 

Referring again to Fig. (7), it is seen that the ooupling to the 
input of Vo is a high-pass filter with a corner frequency of about 0.4 
cycles per second while the coupling to the input of Vy is a low-pass 
filter with a corer frequency of about 30 cyoles por second so that the 
frequency speotrum of the input signal is divided between Vy and Vo with 
some overlapping. The signal passing through Ve is amplified and inverted. 
The sipmal to V, is chopped at a 400 cyole per second rate, amplified as 
an a-c signal and then synchronously rectified at the output of Vj. This 
rectified signal is passed through another low-pass filter with a corner 
frequency of about two oycles per second and then summed at node M with 
the signal from Vo. The composite signal is further amplified by Vz and 
V4 and a portion of it is fed back through Rg as previously described. 
The overeall amplification, without feedback, is about 15,000. 

In order to reduce the noise level in this amplifier, tube heater 
cirouitry of the original amplifier was modified to operate on direot 


current. All 400 cycle wiring was removed from the amplifier chassis; 
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AMPLIFIER POWER SUPPLY 


Figure (8) 
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the chopper was supplied with 400 oycle power through separate shielded 
leads. The mechanical vibration from the chopper was prevented from 
exciting miorophonic noise in the tubes by mechanically isolating the 
chopper and electrioally conneoting it to the amplifier with three inch 
leads of very flexible wire. All d-o power, obtained from a general 
distribution system in the laboratory, was run through low-pass decoupling 
filters bofore it was fed to the amplifier. Fig. (8) shows the power 
supply chassis. Finally, the entire amplifier was placed inside a 
grounded aluminum box in order to reduce stray pick-up noise. ‘Then these 
precautions had been taken, noise at the amplifier output was about three 
millivolts peak to peak. It was found that this level oould be further 
decreased by reduoing the amplifier bandwidth. With a 690 micromicro-~ 
farad oapacitor shunted across Rp, the output noise was not observable on 
a Dumont 504-H oscilloscope set at maximum gain, about 30 millivolts per 
inoh.e A "Millivao” d-c voltmeter placed at the amplifier output showed a 
slight drift. After a one hour warm-up, the amplifier drifted about two 
millivolts in a period of 30 minutes. It was then found that with no 
current fed to the amplifier input, E, was slightly above ground potential. 
In order to compensate for this condition, a ten megohm resistor was 
connected to node M, as shown in Fig. Cry, ste supply an offset current 
that would bring E, back to ground potential. 

Another requirement of the cirouits chosen for displaying the 
collector oharacteristic is that a choice of either a swept voltage or a 
swept current be available to drive the collector of the transistor, It 
was decided, initially, that the sweep generator should provide either a 
positive or a negative voltare or current sawtooth, that the origin of 


the sawtooth should be accurately clamped at ground potential and that 
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its other extremity should be variable between limits of zero to forty 
volts or zero to ten milliamperes to a 3,000 ohm load resistance. Sweep 
repetition frequency was to be as low as maintaining a fairly persistent 
trace on the cathoce-ray tube face would permit. This frequency was found 
by trial to be about 20 cycles per second. The rest of the details of the 
development of the sweep chassis adhere to well established vacuum circuit 
desipn techniques and for this reason they are not included here. Fig. (9) 
shows the ween circuit as it was finally evolved. 

Measurements which were made of several transistors after the entire 
measuring circuit had been completed and set up showed that it would have 
been preferable to have made the sweep generator to these specifications: 

l. Provide a triangular sweep voltaze or current with independently 
controllable end-points each of which is to be continuously variable 
between + 40 volts. 

2. Provide for sweep frequencies variable between four volts per 
second and about 4,000 volts per second, 

3 Provide an output amplifier capable of driving a 3,000 ohm load 
to 15 milliamperes, 

A circuit was desirned to meet these specifications but because of 
limitations placed on development time for the project, it could not be 
constructed or tested. This cirouit is shown in Fig. (10). 

The final part of the measuring cirauit which was designed was the 
bias chassis, shown in Fig. (12). The function of this chassis was to 
provide one needed switching functions for bias end sweep voltages and 
surrents, and to provide a holder for the transistor under test. This 
chassis was not constructed beoause of time limitations, although a 
simplified "haywire" version of this chassis, shown in Fig. (11), was 
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construoted to make the measurements whioh are presented in Chapter IV, 
The simplified bias chassis which was actually used, provided a one volt 
base backebias that kept the transistor cut off for the "off" state 
measurementse For the "on" state measurements, base currents were ob-e 
tained from a ourrent ladder consisting of R, through Rq shown in Fig.(11). 
This ladder was arranged to provide binary values of ourrent so that any 
value of current from one milliampere to 15 milliamperes was available in 
one milliampere steps simply by switching in the proper branches of the 
ladder. Later, another branch was added to the ladder; this branch cone 
tained a pair of jacks for a milliammeter, and a potentiometer to vary the 
branoh current. In this way measurements at base currents less than one 
milliampere were obtained. A similar ladder, consisting of Rg through Rg 
was used to adjust the Ig sweep current. In this case, the ladder was 
continuously fed either a positive or a negative 40 volt, peak to peak, 
sawtooth, The magnitude of the I, sawtooth was set with switches in the 
branches of the I, ladder, This ladder operated to provide I, sweep 
amplitude variations in ors milliampere steps in a manner similar to that 
described for the I, ladder. 

When the separate parts of the measuring cirouit are interoonnected 
to make "off" state measurements, the circuit shown in Fig. (13) is 
obtained. Rg, in this circuit, is adjusted to a value appropriate to the 
expected magnitude of Ig. This adjustment of values is made by soldering 
the desired resistor into the circuit. 

"Off" state circuit calibration: 
Supposing that I,= 5 microamperes is expected, Rp is chosen to 


produce a moderate amplifier output voltage, for example, 


a = soe Ry = Zp ay = Sa » JOOAR = 0.8 yo/t 
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whioh calibrates the amplifier so that, Lif Ee (Ou a/rolt The x-axis 
amplifier gain is then adjusted using the internal calibrating cirouitry 
of the oscilloscope. This gain is set to produce a known displacement 
of the trace for an input voltage of 0.5 volts. Supposing that the 
deflection sensitivity is chosen at 0.1 volts/om, the x-axis then is 


oalibrated to read, 


TL. = lOnua/volt +01 voltfem = Luafem. 

Internal calibrating cirouitry in the oscilloscope or, in the 
absenoe of such circuitry, some known external voltage is used to set 
the horizontal deflection sensitivity so that an easily read scale for 
Vee is produced which will also permit the sweep length of Vog to occupy 
most of the horizontal space on the cathode-ray tube face. Base bias 
should be set to plus one volt for a p-n-p transistor or to minus one volt 
for a n-pen transistor. V,, should be switched to provide a positive sweep 
for an n=-pen transistor or a negative sweep for a penep transistor. Sweep 
origin should be checked to be sure it is at ground potential, although the 
adjustment will hold fairly well after the sweep amplifier has warmed up 
for about half an hour. The sweep offset control is used to make this 
adjustment; see Fig. (9). Sweep amplitude should be set to zero. 

When these adjustments have been made, the transistor may be placed 
in its holder and the desired "off" state collector characteristio will be 
displayed on the calibrated oathode-ray tube face as the sweep amplitude 
control is advanced. 

To make measurements in the "on" state, a rearrangement of the 


Oirouitry is required, as may be seen by comparing configurations B and D 
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of Fig. (6). In the "on" state circuit, Fig. (14), the chopper stabilized 
amplifier is used as a voltage amplifier. The amplifier still operates 

to keep node N at ground potential; however, input ourrent now flows 
throuzh R;, a fixed precision resistor, and is therefore proportional to 
the input voltage, Vege Aside from this difference, the amplifier 
funotions just as it did when it was used to amplify Ig in the "off" state. 
Amplifier voltage gain is, for all practioal purposes, equal to the ratio 
Re/Ri, while amplifier input resistance equals Ry. Calibration prooedure 
for this circuit is as follows: 

Before placing the transistor in the holder, all switches in the I, 
and I, ladders should be switched off. Set Rp and Ry to one megohm and 
10,000 ohms, respectively. This establishes amplifier gain at 100, whioh 
was found to be a praotical value for all transistors that were measured, 
set the horizontal sweep control on the osoilloscope to produce some 
convenient length, say five om. Check the Ip source to see that it is 
oorrectly polarized; positive for n-pen transistors and negative for p-n-p 
transistors. Switch in a moderate value of I}; this value must be deter 
mined from a knowledge of the transistor. One to five milliamperes was 
found to be safe for the junction transistors which were tested. I, may 
be polarized either positively or negatively. Switch in a moderate value 
of Ig, say five milliamperes. A traoe will be Sosered above the ohopped 
ground reference line and at an angle to it. Adjust the oscilloscope's 
Xeaxis amplifier gain to produce a convenient displacement and then check 
the gain oalibration using the internal oalibration circuitry of the 
oscillosoope. The vertical calibration of the pleas, = 100 x osoillo- 
scope gain. The physical length of the horizormtal sweep will remain 


constant but the yeaxis calibration will be the total value of current 
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set on the I, ladder divided by this fixed physical length of the I, sweep. 
It will be seen by referring to Fig. (13) and Fig. (14), that a 
chopper is placed at the x-axis input of the osoilloscope. This chopper 
commutates the x-axis voltare between ground potential and the potential 
at the output of the amplifier, thereby assuring that ground potential is 
always acourately looated on the cathode-ray tube face. This devise does 
not eliminate the need for a d-o coupled oscilloscope but it does elimi- 
nate, toa large extent, the error which would otherwise be introduced by 
a drift in the xeaxis amplifier of the oscilloscope. The yeaxis amplifier 
input is not ohopped for two reasons. First, the choppers would have to 
be operated either with fixed phase difference so that the beam would have 
to be time shared equally between the x-axis, y-axis and the desired curve 
or they would have to be operated at different frequencies. bither of 
these alternatives is awkward; the first requires that a phasing network 
be introduced into the a-c supply for one of the choppers and the second 
requires introduoing another a-c¢ power source. Second, the drift in the 
y-axis amplifier has been found to be negligibly small anyway. The y-axis 
amplifier is always fed the independent variable, I, for the "on" state 
and Vo, for the "off" state. This signal level is always great enough so 


that only a moderate sain is needed in the y-axis channel. 
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CHAPTER IV 


MEASUREMENTS AND CONCLUSIONS 


To check the operation of the device described in Chapter III, it 
was used to measure the collector characteristic ourves of several 
transistors. The parameters,%j,%y, Ig, and I,,, of these same 
transistors were measured and were used to compute the collector 
characteristio ourves. The computed curves and the measured curves were 
then compared. One of these comparison runs, which was mde using a 
Sylvania 2N94A alloyed-junction transistor, has been chosen for detailed 
discussion of this procedure. The inverted configuration was chosen for 
this run because a preliminary check showed that I, was somewhat less than 
Ig in its "off" state. The measuring oircuit which was used is shown in 
Fig. (13). The procedure described in Chapter III was followed in 
calibrating and setting up the testing oircuitry. The oathode-ray tube 
presentation whioh was obtained is showm in Fig. (15). 

The following information about this transistor oan be obtained from 


this display: 
= (25-5) volts 


=) 25°C meg ohms 
(4-3.6) 42 


JO volts 
ah Wg 


Sy / megohms 


Pec 


Current offaee = ore Ae 
Veg = 


oO 


Emitter voltage breakdown is noticeable above V,, =30 volts. 
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One may also find the offset ourrent by measuring small signal para- 


meters, (ons wisi o ae These values oan be substituted into equations (1-10) 


oo? 
and (1-11) to arrive at the same information as was measured directly. 


Since it is rather difficult to masure™ and %; when the transistor is 


n 
outeoff, values will be arbitrarily chosen from Region II measurements at 
the point where I, = 35a, I,3 1.0 ma, and Ig= .965 ma. Under these 
oonditions,%, =.985,%; =.965; see Fig. (19). I,.was measured at Qua. 
Equation (1-10) is used because the collector oharaoteristic plot of 

Fig. (15) desoribes the transistor in ine inverted condition and as far as 


the markings on the transistor are concerned it is really a Veg vs. Ie 


plot. Using the equation, 





eh 
t= og |- tle) + tale) | cao 


and equation (1-9), rearranged so that 
ec: 
Leo -_ o<,, JES: 
one may compute I, as follows: 


~ 96S 





x Qua come so 
We =. GES Lee @ ‘oe s 965 x Lc a ~ 7026 
: ere 7 !) i OT A (< -/) 
where, 
LZ = Vie =- /yolt 


Pe Vac =-/O volts 


Since the exponential terms are negligibly small, they may be dropped, 


96S 
then, gas 765 OS 


aia l= + FGOSKIES ae 0 eo 





47 











meh 


Lg 1 

a 2 @ \_—s ccaam 
=n ee = OH ie a Y ad 
= e 

= ro 


e 
oat 

o 

rl 





t 
Ae 


h Pe = i ce, *5i 
pasa ‘am ‘> &) ars} : 
I cw Se a ai ae 











This value oompares more favorably with the measured value of Jel @ 
than is apparent at first slance because the computed quantity does not 
account for any collector leakage resistance in shunt with the collector 
junction. 

In the above calculation for Ig, when 4» and Ye are less than a few 


tenths of a volt, the exponential terms become negligibly small; I, and 


I, are then nearly independent of variations in emitter and collector 
voltage. When this is so, reg must be very large; greater, in faot, than 
the leakage resistance shunting it. Any calculation whioh does not 
include this lealmge resistance will give a misleading value of rage 


Reo is found from equation (1-17), 


and at Vg, 10 volts, 





“Rec = ae = 3.7 megohms 
a value which compares reasonably well with the measured value of 2.7 
megohms.e 

The "on" state measurements for this transistor are shown in Fig.(16) 
as Curves I and II. The measuring circuit which was used is shown in 
Fig. (14); the prooedure which was followed in mking these measurements 
has already been stated in Chapter III. Fig. (16) will be discussed 
since this figure shows the "on" state behavior of the same 2N94A 
transistor as was just described in its "off" state. The useful infor- 
mation which oan be obtained from these curves is as follows: 

For ourve I with a base drive ourrent of 1 m, 

Voltage offset = 0.8 mv, when I,=0. 
OBmy 


Teo a 0.25ma = 2.2 ohms: 
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Measuring procedure: 


1. Set I, to desired value. 
2. Set Vp to zero on Millivac (25mv scale). 
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Circuit which was used to measure %,, and Ke 


Figure (17) 
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Data and computations for d-c short circuit current gain, ~, and “eeeeed 


2N94A transistor: 





Normal 
I, Eo ae Tg-Ip Ale ~n 
1.0 ma 1.5 volts 15a 0.985 2985 
2.0 2.25 2200 1.975 e 9887 
5300 5.0 50 2097 2990 
4.0 5e7 37 4.865 Pie hs 
4.9 4.4 dk 5.85 soon 
5.9 5.0 50 6.841 sooe 
6.9 567 57 6.843 992 
729 6.55 65 7835 0992 
8.95 Tee 72 8.878 PCIE re 
9.9 8.0 80 9.82 e0ce 

Inverted 
1.0 325 35 9.65 965 
2.0 64 64 1.936 2968 
3.0 9d 93 20907 e969 
4,0 12.8 128 30872 0968 
4.9 L509 159 4.741 - 968 
509 19.2 192 5.708 967 
6.9 23 230 6.670 0967 
(ee) 26 260 7.640 0967 
869 20 290 8.610 - 968 
909 31 510 9.590 2968 


Figure (18) 
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Reo 


I, = 1 ma 


This plot also shows the variations of these quantities with respect 
to changes in I,. ‘hen these curves are extended further than is 
shown in this Bees a point at which there is a marked increase in rg, is 
reached. This is the point at which, as I, is further increased, the 
fixed value of I, is wmable to keep the transistor saturated and so the 
transistor operating point passes into either Region II or inverted 
Region II. The points at which this happens are of interest beoause 
they represent the maximum currents which can be conducted through the 
transistor for any particular base drive current. When this information 
is combined with the "off" state information, one obtains a fairly come 
plete picture of the static switching properties of the transistor. Before 
the transistor is used in a switch design problem, information about its 
dynamio switching behavior should be obtained either from dynamic measure- 
ments or from calculations based on smallesignal a-c parameters (9). 

One can find the same information as is shown in Curve I by using 
equation (1-13). To use this equation, one mist measure % ; and™,, | 


The measurement of these parameters is based on their definitions, 





X< S Le 

i Le Vepao 
_.i2 

i oe Veu =O 





The cirouit shown in Fig. (17) was set up to make these measurements. 
Data which was obteined is shown in Fig. (18) and is plotted against I, 


and Ig in Fig. (19). Solutions for Veg based on equation (1-13) and the 
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A circuit showing the current saturated emitter and collector 


resistances. 


Figure (21) 
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values measured for, and&; are shown in Fig. (20). The oalculated 
values of Vag are plotted in Fig. (16) as Curves III and IV, for I, =1 ma 
and 6 ma, respectively. The calculated curves are obviously in error 
because they have not accounted for the voltage drop through the resist- 
ance within the semioonductor regions of the collector and emitter. This 
resistance may be determined from curves I and II. Fig. (21) shows these 


resistances which have been designated R, and R, (8). 


Open lee Vee = ve G es 7 R,) i Lie Kes + Cakuloted Vec. 


At WR =O, curve I shows Pr =4.5 mv 
and ourve IV shows Vg, =0.5 mv; 
therefore the drop across Ryg = 4.5 = 0.5 “4 mv. 





Rog = pak =0667 ohms. 


NG 


Teg can be found from ourve IV as, 


ven [.94- (-.24) lov 16 
l, Se ees a eee = =. gi 
mA Le 3. Goes Z 177 


or from small-signal parameters, by using equation (1-15). 


Veg Can also be found from curve II, as, 
O Vec _ £4-5-O)]mv 
Tec = fepe [o-C3ma 


The differences between these resistances must be Rug +Rge, 


eames Sede 


Reet Fes = (tec = 16 


ec __) 
CURVE Ty CURVE IE 


= Lm Or2 = 403 8. 
so that, 


Correoted V,, =1.35I, + 0071p +Calculated Veg 


When this correction is applied to ourve IV, the result is curve VI which 
agrees very closely with curve II, Curve III, for I, =1 ma, may similarly 
be corrected to obtain curve VY which is in fair agreement now with curve I, 
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These calculations are shown in detail in Appendix VI. 

Curves for a General Electric type 2N125 pen=p transistor are 
included at this point to show their similarity to the curves for the 
n=-p-n unit just desoribed. Figs. (22) and (23) show the "on" state plot 
for values of Ip =0.2 ma and Ip =3 m respectively. Calculated and 
measured ourves in Fig. (22) agree vory well because ourrent levels are 
low and voltage drops across Re, and Rgg are small. The curves of Fig.(23) 
show the disagreement between measured and calculated curves which may be 
expected when ourrents are increased. Fig. (24) is of interest because it 
shows the inverted "on" state curvos of the transistor whose normal "on" 
state curves are plotted in Figs. (22) and (23). Fig. (24) shows that 
Yoo ITg=0 is less than Vce |r, and, therefore, that this transistor will 
be a better switch in its "on" state if it is operated inverted than if it 
is operated normally. Data and calculations for these curves are shown in 
Figse (24), (25) and (26). A comparison of the ourves for this pen=p unit 
with those of the preceding n-pen unit (Fig. 16) shows very little differ~ 
enoe between the two except that the base drive ourrents and the voltage 
offsets are of opposite polarity. In fact, all of the ourves whioh ere 
obtained for good switching transistors were vory much like those which 
have just been discussed. 

The oonolusions whioh are to be drawn from the comparisons and 
calculations which have been presented are: 

1. The equations in Chapter I may be used without correction only 
at low voltares and ourrents, 

2. ‘ith corrections for lead resistances and leakage resistanceg, 
these same equations will give good agreement at moderate voltages and 
currents. Obtaining these corrections has, however, involved measuring 
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the actual collector characteristics for at least one value of Ip. 

5e At high oollector voltarzes, breakdown effeots become prominent 
and the equations of Chapter II no longer apply. 

4, In view of the limited ranze of applicatio for the equations 
of Chapter I, the difficulty of obtaining the lead and leakage resistances 
and, finally, the failure of these equations near voltage breakdown of 
the transistor, the device described in Chapter III appears to fill a need 
for direct measurement of the static switohing properties of junction 


transistors. 
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APPENDIX I 


This appendix shows the derivation of the diffusion equation (1-2) 
and its solution to obtain the equations rolating collector current and 
emitter current me voltares applied to the collector and emitter 
junctions of a pen=p transistor. 

The diffusion equation for holes ina slab of netype germanium is 


given in Chapter I as, 





dye 7 De Z ee (1-2) 
Be pee y 
where, 7 


p s the concentration of holes at any time, t, and at any point, 
x, in the slab. 


Gs time. 
xX # distance into the slab measured along the normal to its surface. 


Py® the thermal equilibrium ooncentration of holes in the n-type 
gormaniume 


p = the "hole lifetime.” It is the time required for a group of 
holes injeoted into the slab to be reduced in number by a 
factor of 1fe. (e is the natural log base.) 


D, = the diffusion constant for holes in the slab of n=type 
germanium. It has the dimensions length “/time. 


Since the bass region of a transistor is just such a slab of semi- 
conductor, the solution of this equatim for the appropriate boundary 
conditions should lead to expressions rolating the flow of perre nt Boross 
the emitter and the collector junctions with the voltages across these 
junctions, Ebers and Moll (5) have worked out a solution in three dimen- 
sions with very fow restrictions on geometry; however, the problem is 


simplified and made easier to understand if it is limited to one dimension. 
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This can be done by considering the jumctions to be parallel planes 
separated by an infinite slab, the base. The problem is solved for this 
geometry in Chapter 8 of TRANSISTOR ELECTRONICS, (7). 

The assumptions upon which the derivations of the equations to 
follow is based are: 

1. The resistivity of all semiconductor regions is low enough that 
no voltare drops occur except across the pen junctions. 

2. The emitter efficiency is not a function of emitter current. 

3. Space-charge layer widening effects are negligible (4). 

4. Emitter and collector junctions separately, have voltace-current 
relationships of the form, 


—_ 


L=1, (@ ~ -/) (1-1) 


I = the junction current. 


Ig= the reverse saturation current across the junction due to the 
flow of minority carriers. 


0719 coulombs. 


q = eleotronio charge = 1.6 x 1 
k # Boltzmann's constant = 1.58 x 107° Joules/OK molecule. 
T = temperature in derrees Kelvin. 
5e The emitter, base and collector regions, each separately, consist 
of homogensous n or p type semiconductor. 
Equation (1-2) is derived from a law governing the diffusion process 
which states: 
The rate of diffusion of a substance is proportional to the cross- 
sectional area through which it moves and to the concentration 
gradient of the substance (7). 
For the germanium slab, the transistor base in this problem, the law can 


be written, 
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\ 


1 Wye S (oD) 
Wy aa Ss a 


where, I p*) = That part of the current flow in the x-direction at any 
point, x, in the base due to the movement of holes. 


Lips (x) = 


Qp = the total charge of all holes in a volume of the base of 
unit cross-section and length, W, where the unit cross- 
section is taken in a plane parallel to the base surface 
and the length, W, the base thickness, is taken along the 
x-direction. 


Differentiating (Al-1) with respect to x yields, 
ae 


St 2 
ao ae 7. / 
Differentiating the expression defining p, 


fv = - 4 J2e (A1-3) 


with respect to t sives, 


7 ee NG 
72 tr (s1-4) 


If (Al-2) and (Al-4) are combined to eliminate Qp» the result is, 


Jp | 
-¢ 5 --p > 


a J? 
Op OG es) 


The time rate decay of a group of holes injeoted into a piece of 


out (Al-2) 


or, 


n-type germanium is noted from experiment to be an exponential function 
(7). The time required for the number of holes in the group to deoay to 


a factor of 1/e is called Cp. The concentration of holes at any instant 
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q 
in the nematerial after an initial increase in concentration, Py has been 


made is, 


a7 
~ = Woe + Ke A Cc ae (A1-6) 


if this equation is differentiated with respect to time, the result is, 


2, = J,oo- ty (Al-7) 
Fe ne ai 


combining (Al-6) and (Al-7) to eliminate the exponential factor gives, 


Ye Fe Tp py 


o tat (42-8) 
wi Al=-8 
ia 


This is the decay rate of hole concentration due to recombination of holes 


and electrons in the base. When equations (Al-5) and (Al-8) are added 


together, the result is, 


D gp aE 
=) ieee eae (=e) 
at Jae ee 


Assume that a general solution to (1-2) is, 


Po sa 
Ae = B Cx) rw, ce? (A1l~-9) 


where, 


Po(x) = the statio component of hole conoentration. 


the time varying component of hole concentration at any 
point, x, in the base, 


p(x) 


differentiating (Al-9), one obtains, 
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(One 


= gw my, (x) E 9 
JP) 2 pie gut 
SS eam hs 


a7 Pi a ig te 
ae + 1d) $ 


Subatituting (Al-9) and its derivatives into (1-2) yields, 


RAP dX Yr 
Pr 
1! Hi 


4 dF gut 
jepwe” = = ieee EO 2". 08) 68 2 sues J (A1-10) 
. Ee 


This equation can be broken into a-a and d-c components. Since this paper 


is comerned only with the deo behavior, the a-o portion of this equation 


will be discarded. The d-o equation, then is, 


dt Ro) 2, ~ Pals , 
Da mz [a ( (Al-11) 
is ce 
To remove time completely from (Al-1l), the substitution, 
me 


ees 
Tye = Dp (A1-12) 


is made. L, is the diffusion length for holes in the base regions this is 
the distance measured in the + x-direction in whioh the hole ooncentration 
decreases by a factor of ife, assuming that there are no hole souroes or 

electric PoiGs cisne this lencth. ‘hen this substitution is made, (Al-11) 


beoomes, 4 
2? (ne 
7 a (Al-13) 
Aye 








An equation similer to (2-1) can be written to describe the hole oconcen- 


tration on the n-side of a pen junction when a voltage is applied to the 


junotion, 
=D _ fee 
ee ey, =) (A1-14) 
where, 
k = Boltzmann's constant = 1.38 x 107*3 Joule s/oK molecule. 
T = temperature in degrees Kelvin. 


If one of the surfaces of the base forms an emitter junction, then (Al-14) 
gives the hole concentration at this base surface in terms of the voltage 
across the junction. Let the voltae, Ye, be the voltare of the pematerial 
(the emitter) measured with respect to the n-material (the base). 

Another equation oan be written for hole ooncentration at the opposite 


side of the base where x = W, the width of the base: 
i (W) = We eC ter 
a (A1-15) 
let this side of the base form the collector junotion and let CZ, 
be the voltage of the p-mtorial (the collector) measured with respeot to 
the nematerial (the base). Equations (Al-14) and (Al-15) are the boundary 


conditions whioh will be applied to (Al+-13). 


Assume that the general solution to (Al-13) is, 


[AOE Age ret Pe is couk F ty, (Al-16) 


where A and B are constants to be determined by applying the boundary 


conditions. Differentiating (Al~-16), one obtains, 
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pA Pho A neh & ¢ 2 th & 


Lp Ap Op a 
sail TW. Ayes beh 
ae Lac ip. op as 


Substituting (Al-16) and its dorivatives into (Al-13) gives the result, 


bank ~ +Zeek= = (A sind Z + Bal B, +f) “hs 
Lp Lp kp ba 


Aya” 


which verifies the solution. 


To evaluate the constant B, equation (Al-14) is substituted into 


(Al-16); this yields, 7, € ae a es Coe ia ey oe 


lz 


Oe Tm (e -/) (Al-17) 


To evaluate the constant A, Equations (Al-15) and(Al-17) are substituted 


into (Al-16) giving, 
4c le = = A eink Te —t, (1 e *F) cond 


solvins this for A, 


i ae a PK 
A mde [Al ents oa lon” By] 
Ti 


or, 
“ LE 
1 | oo Ye (ie) - cad W (-e °7) [(a1-18) 
laa “pe 


Wnen(Al-18) is substituted into (41-16), the dec solution for the hole 


concentration at any point, x, in the base is obtained, 


qe 








Ri) = a, |-0tok ¥ -(-<"®) cook Hf acreh 
sien [ef ) erohk & + Yne (A1-19) 
cau 


The dec ourrent, T(x). at any point, x, in the base may be found 


P 
by differentiating (A1-19) with respect to x and substituting the result 


into (Al~1) as follows: 


ans Es a Lr e fer) xt -(/-e 5B) wok o cht, 
aes (/- = +e) snk (A1-20) 

= ap vA Za 
ip) = Pt. a WL - (jn6 Pe) exe Wop 
as 


D Kd EL F i 
Pett (ya Bnd fe 


Hole currents at the emitter and colleotor junctions may be obtained from 
(Al-21) by the substitutions, x > 0 to get the emitter hole current and 


x = Wto get the collector hole current. This is done as follows: 


At the emitter, 
Lda) 2 L, nes AEA 2 ter) coh Le (A1-22) 
-(/- le 547) took HE oy 


At the collector, 


= a 7) Za af 
me pW) = Le _ =~ LBB fine PE) oth B — (je <7) cook sé ved th 
D io 7 : Via 
a a a (/-e ad ) peird HE 
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simplifying, : ae ya 
ge D ZB, God te tifa, wrk 7, 
Fe BRP Ie E78 (re ) Satie 
ie nid 

pace crak Ue 


28 |, #8 £6 
L _ £4%|).. <7) Z- (ie cori. | (A1-23) 
Ws 


c 


pf 


Nothing has been said about eleotron current in the preceding 
derivations, although it is obvious that electrons must flow from the 
base to the emitter when holes flow from emittor to base. To get the 
total current flow across the emitter and collector junctions, the 
electron ourrent must be added to the holo current. Fortunately, to find 
this current another solution of the diffusion equation is not neoessary. 
It happens that the solution for the electron current components of Ig, 
and Ig is similar enough to the solution for the hole current canponsents 
that the formsr may be found simply from an inspeotion of the hole current 
solution. 

If it is assumed that the distance from the emitter junotion to the 
ohmic contact of the supply lead to the omitter region is muoh greater 
than L,, the diffusion length for electrons (analogous to Lp for holes), 
then all the electrons emitted from the base will have recombined with 
holes before they have reached the emitter region ohmio contact. For 
practical purposes, the width of the emitter region may be considered to 
be infinite and the equation (Al-22) may be written for the electro 
component of emitter current, le,» ABs 

Le = Pelee (/-e +f) (Al=24) 
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where, 


Np* the thermal equilibrium ooncentration of electrons in the 
emitter region. 


Di," the diffusion oonstant for electrons in the peregions. 

L.# the diffusion length for sleotrons in the emitter regions 
A similar line of reasoning applied to the oollector junction permits the 
electron componsnt of colleotor current, doi to be written by inspectim 


of equation (Al-23), 


: 2a nn Mp Ce = oer ) (A1-25) 
where, 


ns the thermal equilibrium concentration of electrons in the 
collector region. 


L,* the diffusion constant for electrons in the collector region. 


The total emitter current is siven by the equation, 


_—_ = te of sie (A1-26) 
4~ fre 


Substituting (Al-22) and (Al-24) into (A1+-26) gives, 


=~ (ae = £ Ze 
te - fet |(W-2 PD oe ceed ef | 
Ie 


i 


fe 
2 ft Ga 
simplifying, . 


ER 

om -- (L242: a cyte W + BAA) ()-2 2) 
9 Deh EE) ok Ww 

ere (1-27 *) ays 


Z / h 
ald (Ep Baw\ we) / 
De = ME BBE |e 2) ek LO) | arcan 
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This equation my be written more simply, as shown in Chapter I, as, 


5 te a 

L ai, (e vt cs “a 

_ / Le La My Ly 
ithe a # Za + rele a 
2 Z ny, 

a ee Cred, HH 


| 
I 


~ 


& 
IN 
| 


Substituting (Al-23) and (Al-25) into the equation, 


a / aa 
wee! ~ te (A1-28 ) 
gives, 
: & ' 
LT = #42. [ie ©) cook Mh (yD) cgthl W 
e a a Ap 
Dae fe 
~ ) ae (/-e 7 ) 
ae 
simplifying, 
= ng), FE, #2w% Ete 
4. = ae ae + EU ealas (7 ae CPL) oF) og, fl 
m ea was 
a = 


Hp fadg ate adge* 


This equation may be written as shown in Chapter I: 
i ae 7 #2 


(1~4) 
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where, 





/ 4Z Sp ee 
fan = Pip [aythf he shoe & :/ 


Te 








APPENDIX II 


This appendix shows the derivations in terms of small signal para~ 
meters of the coefficients, a1, ajos 491and ano of the general equations 
(1-3) and (1-4) relating the transistor terminal voltazes and currents. 
The derivations are as ongeeeeee by Ebers and Moll (5). 

For normal oporation in Regions I and II, equations (1-3) and (1-4) 


may be simplified to, 


pds 
ets = a, (e de) ° aataase 
(A2=-1) 
¢ Le 
a7 
eee, (2 7) ee (a2-2) 


because in these regions, © a <a, 
For inverted operation in Regions I and II, equations (1-3) and (1-4) 


may be written, 


= E¢ 
ee ih cere (e zF 1) (A2-3) 


(A2=4) 


where, now, © x / 


When (A2-1) and (A2~2) are oombined to eliminate the exponential faotor, 


the result is, 


Tt. =e BZ 
a 7a Le ‘(a 2 aus) (A2~5) 
ad 
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Similarily, when (A2#3) and (A2-4) are combined to eliminate the exponen- 
tial factor, the result is, 


ve g A ie slip fa aa ie (A2~6) 


An Are 








Equations (A2-5) and (A2-6) can also be written in terms of mall signal 


parameters as, 


—_ 


lL, = =e (RoET) 
Le = == (12-8) 

where, 
an = the normal dec current gain of the transistor defined by 


the equation, ae ae | 
V, 


man = the inverted dec current gain of the transistor defined by 


the equation, va 
- =e 
Co — a 


Vob = the voltage applied to. the collector region measured with 
respect to the base regione 


Veb = the voltase applied to the emitter region measured with 
respect to the base region. 
Igg = the reverse saturation current of the emitter junction. 


Igo * The reverse saturation current of the collector junction. 
Equating (A2-5) with (A2-7), and (A2=6) with (A2-8) term for term yields 


the following: 


x - Aa 
fe CL i} (A2~9) 

ae Qa 1% 
-X = eee (A2~10) 








ae = (Sx Ka =. Cae 
ay (A2-11) 


= Air a 
vi = a oa 2) (A2~12) 


These equations are solved for the "a" coefficients as follows: 


Substitute (A2=9) and (A210) into (A211), 


= Ay 
Z., =(- Nee Ge — an.) 


and solve for &joe 








aoe /. 
Cans = - o co 


f= Oo: (1-6) 


Substitute (A2-9) and (A2-10) into (A2-12) 
JES i: (- 2. Ax, +e 
Xm 


and solve for aoj. 


ec a. 


A, 2 res: (1-7) 


To find a3], substitute (1-7) into (A2-9). 
~ Leo 
[a Xm OA 





Ca, (1-5) 


To find ao5, substitute (1-6) into (A2-10). 


= Je 
Coe 


/- on) 
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APPENDIX ITI 


This appendix derives the equations for Vog and Ve, in terms of 


measurable small signal parameters. The derivations are as presented by 


Ebers and Moll (5). 


Equations (1-10) and (1-11) my be solved for the exponential factors 
of I, and I. as follows: 


f 
pi 
rane Ae at Sent ie ae hea 
ie = Eel (e = -/) t ae (e — /) 
(BOR (1-10) 
Tee eae) = —— ( te) 
eae “f= xa, (E (1-11) 


Using Cramer's Rule, 


le ec. Les 
Yee OP Od = 
ete a ——— 
xT [- Xn Oa 
(tf). eel 
—- oe Les 
TNs ee VS ae 
nn, Ler ee, ts 
Ye pote 


[-— Ane 


Simplifying the determinant gives, 


Lees Le we 
¢e la uf. = | 
(< me-/} = 
= ener ntstrenenereetentet ne, 
lee ie -/ Sod 
(1 ane) * 
OC —/ 
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Expanding aa cancelling common torms produoes, 


(<_< ia 


jae ee aa x.) 





phe / 
(e er > dase (Te +o.L) (A3-1) 


To find the other exponential terms, Cramer's Rule is used again, 





Srila 
eo 1a 
1 ~A%nrs 
Kren Les fe 
RT = 
eo /) 

- Leo = Aw eS 
Xm Leo = oa 
[2 Rees [— Xm Xe 


simplifying the determinant gives, 





ee ad Le 

th a ~/) Z [=O Xm Ie, 
Lee =) Ae 

ae Xan ~/ 


which reduces to, 


poe / 
e e7_/) = ra (Le ama. Z. ) (A3=2) 


Voe is defined as the collector voltage measured with respect to the 


emitter; therefore, 


V.=*(4 -@) a 
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where the (+) sign is used with p-n-p transistors and the (-) sim is 
used with n-pen transistors. 
Vhen equations (A3-1) and (A3-2) are solved, respectively for V « 


and o, the result is, 


Ue Ao t, [y- Fats | 


\\ 


we 
ms (A3-4) 


¢. 


Substituting (A3-4) and (A3=5) into (A3-3) yields, 


/ 


(0) 


ZA) - as (A3=5) 





+ | 
lo = eer i) Tee 
a ie le $$ XA ony ay) 


Leo 


It is found from Kirchoff's current law that l + Ip - is = 0 and that 
substituting -(I, + 1,) for Ip gives, 
I. -%m (Ge) 
eel 
7 i Ey 


- +0 ———— 
e ; —- (I, +Teeoe le | | 
Leo 


at 


Simplifying this expression produces, 


Wee = + iy Baek I oo ee 
a 4 -f, - Le mote + fo, Leo 


iGuissmoted that, O(,, jee = eee (1-9) 


replacing I,, with Bip yields, 


mn 
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i kr Te (i- m= Xm Le +Zcc ee ais 
V = + SLA I. (/- «)+s ee 2 


Simplifying again, 


oe i Le Ee) ~ Ep egeee | 
t - fi + FE (jx) ae 











Le (/-%ma) | Ey af to 
Vener EAT ee Zn Xu |. Om pair 
ee ee a oe 
ce Be é 
i] i eae = (i-)] + 5 a = se (A5=6) 
Oe hea: ae 
The factor —— T is negligibly small and may be dropped; V,, is then, 
~ b 
ea om 
/ ee aa y eo io =e ee 
Sof Ie z i | 
6 


To obtain the equation for V,, the subscripts "n" and "i," and "o" 


and "6" are interchanged in equation (1-12) 


seen (es Ze. — 


_ Ze (/-2m) 





lee = #4 A IA 


(1s13) 
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APPENDIX IV 


This appendix derives the equation for dynamic collector resistance, 
Toe» in terms of measurable small signal parameters using the method 
followed by Fbers and Moll (5). 


Starting with the equation for Vgq derived in Appendix III, 





V ik oo ~e : zee am Te (A3~6) 
ce = Xe Leo 
(+ =8 ze (/- x, ) i a. a 


this is put into simpler mathematical form by writing, 


y= BL. a (late) 


(i +ex > +d 
where, 

as XL 
(gee 

pe Sa 

lee. Lee 
XX an Le 
fa 

= peewee.“ 

e =, 

B= RT/y 

We = Vee 

x = dive 


rearranging this, 


Ve BSL. (a-h)-ahz 


(/+4) t+ €x 


This can be put into simpler mathematical form as, 


VE, ee 


y - We 








where, 


o = (a-d) 
B= Qa AR 


v= (1+) 
4) =~-2 


Differentiating this expression for Vgog gives, 


AV = Ba A iw) 0 (Xf) (F-wd) 
a x (y - wx)” (ox —Bx) 


substituting the previous set of constants back into the equations gives, 


SV a sk 2 2 
ax (4-4) — ate (itd )+ ex 


and substituting the original set of oonstants into this equation gives, 





i Aes ee ieger a & — (/-=) 
ioe ik (x, Ty - Z.,)- Ue) Ee af, can ie 5 (12°Q ue 
simplifying, 
A Vee pee ase ae _ =) 
Vee = i 5a ee i on (T ae Cren)] - Lee Le + Leti-m) + co | 
(1-14) 


The equation for rg, is found by interchanging the subscripts "n" and 


"4," and "e" and "co," as follows: 


— 


TES y eal) 0 x. (T,-Z 3) Tao 


lee = A Vac = of Te a) = (/- <4) | € 5 
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APPENDIX V 


This appendix derives an expression for Ke the normal d-c current 
gain in terms of the transistor geometry and the transistor diffusion 
parameters. This expression is limited to pen-p transistors possessing 


the goometry of the model used in Appendix I. 


Qs. 
XX. = 7 =— (A2-9) 
ay) 


21, is found from equation (Al-27) to be, 


ai, -44t | 2hw + Drip Lp (A5-1) 
Le fo Dp fn Sr 


and ao) is found from equation (Al-29) to be, 


Ba a EP poe IAS (A5@2) 
Kye Aye 


Equations (A5-1) and (A5-2) are substituted into (A2-9) to get 





4 E 
SS eremrl im 
(EJ coh it 4 Bete] 
Lp Dp Pon & 


which can be simplified to, 


: 


/ (1-18) 
Cook WL ¢ Bethe yi fi | 
ae Lp Por Ko pe 


xX 





hpormafl = 
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APPENDIX VI 


This appendix shows the details of the calculations whioh were made 
in obtaininz curves V and VI of Fig. (16). The calculated values of Vey, 
ourves III and IV, fail to agree with measured values of Veg, curves I and 
II, This disagreement is reconciled as follows: 

The resistance of leads to the emitter and collector junctions is 


shown as Rg, and Ry, in Fig. (21) which is duplicated below, 






ar calculated 


Vor 


Figure (21) 


The curves showing calculated values of Vg, do not include voltage drops 
caused by current flowing in these lead resistances. These voltage drops 
are included in the equation, 

Corrected Veg = Ie (Reg + Ros) + Ib Reg + calculated Veg. (A6~1' 
This equation is tabluated below and solved for several points. Values 


of corrected Veg are plotted as curves V and VI in Fig. (16). 
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I lel Rate if tb “os 
e Sedge b “0.7 Ty, 
O ma O mv lm O.7 mv 
uf 1.4 1 0.7 
2 2.8 1 0.7 
-1 ~1.4 1 0.7 
=Z -2.8 1 On7 
0 0 6 4.2 
1 1.4 6 4.2 
2 2.8 6 4.2 
-1 ~1.4 6 4.2 
=2 2.8 6 4.2 
=3 4.2 6 4.2 
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0.4 
-0,5 


~0.24 


Corr. 
ec 


eco mv 


0.24 






































